We have performed angle-dependent reflectance measurements of in situ magnetron sputtered films of B 4 C, C, Mo, Si, and W. The Fresnel relations were used to determine the complex index of refraction from the reflectance data in the region of approximately 35-150 eV. In the cases of Si, C, and B 4 C we found excellent agreement with published data. However, for Mo and W we found that the optical properties from 35 to 60 eV differed significantly from those in the literature.
Introduction
The advent of normal-incidence extreme ultraviolet ͑XUV͒ multilayer mirrors with reflectivity greater than 65% has generated a high level of interest in the design and development of XUV optics for a variety of applications. Optimization of the design of the XUV mirrors has led to the demand for more-accurate optical constant data for the candidate materials of the multilayer reflective coatings. For many cases, values of the index of refraction in this spectral region are known only within a factor of 2. 1 A lack of reliable optical constant measurements in this region has meant that the most commonly used constants are derived from calculated atomic scattering factors. 2 One of the main contributors to the wide range of reported values is variations in sample preparation. Because XUV light has a penetration depth of the order of only a few nanometers, oxide or other contaminant layers of even 1-nm thickness can have a large effect on the results. In the past this effect was not important in applications because optical components are also exposed to air and thus have similar overlayers. However, in multilayers, only the top layer of as many as hundreds of layers will have been exposed to air, and thus most of the reflectivity is occurring in pristine layers.
A number of techniques are commonly used to measure XUV optical properties. Because normalincidence reflectivity drops rapidly and the effects of roughness increase rapidly with increasing energy, near-normal reflectivity and ellipsometry tend not to be used commonly. Absorption ͑transmittance͒ and inelastic electron scattering spectroscopy are powerful techniques in this range but need thin, freestanding samples. This requirement leads to sample-preparation problems and also to increased effects of thin surface layers. Reflectivity, absorption, and inelastic electron scattering spectroscopy also measure only one component of a complex quantity and thus require a Kramers-Kronig analysis to yield the full set of optical constants. The KramersKronig analysis introduces its own set of uncertainties, most notably the inability to measure over the semi-infinite energy range required for the relations to hold rigorously.
A technique that eliminates the need for both thinfilm samples and a Kramers-Kronig analysis is angle-dependent reflectance in the vicinity of the critical angle. 3 Using this technique, one measures the reflectance as a function of angle and fits the resulting curves to the Fresnel equations, thus determining the complex index of refraction N ϭ 1 Ϫ ␦ ϩ i␤.
We have carried out angle-dependent reflectance measurements of five important multilayer materials, C, W, Mo, B 4 C, and Si, in the 35-150-eV energy range. These measurements were made on samples that had been transferred under vacuum from the Received 29 January 1998; revised manuscript received 6 March 1998. deposition chamber to the measurement chamber and thus had negligible impurity layers.
Experiment
Our deposition-and-transfer system consists of a cryopumped sputtering chamber and a magnetic transfer rod. The samples were prepared with a 38-mm dc magnetron sputtering gun with 100 standard cm 3 ͞min Ar flow. The base pressure of the deposition chamber was 10 Ϫ9 Torr ͑1 Torr ϭ 133 Pa͒, and the pressure during sputtering was 2 mTorr. Target materials had purities of 99.9% to 99.99%. Deposition rates were determined by use of a quartz crystal monitor, and films 30 to 200 nm thick were deposited onto float-glass substrates located 10 cm from the source. The deposition rates were 11 nm͞min for W and 12.5 nm͞min for Mo at 80-W sputtering power, whereas rates of only 0.6 nm͞min for C, 0.8 nm͞min for B 4 C, and 1.8 nm͞min for Si were achieved at 100-W power for the lighter materials. One B 4 C sample was sputtered at 1 mTorr to increase the deposition rate. The deposition system and conditions were designed to make films as nearly similar as possible to those in multilayer structures. The samples were transferred to the measurement chamber with a magnetic transfer rod and were held on the goniometer by a bayonet mount.
The reflectivity was measured as a function of angle between 2°and 85°grazing and energies from 35 to 150 eV on beam line 7 ͑Ref. 4͒ of the Synchrotron Ultraviolet Radiation Facility storage ring at the National Institute of Standards and Technology. At least two samples of each material were made with different thicknesses. For thicker and more strongly absorbing films, Kiessig fringes ͑interfer-ence between the upper and the lower surfaces of the film͒ were not present. In these cases the reflectance was measured as a function of wavelength at several angles. For semitransparent films, because the number of measured angles needs to be large, reflectance was measured as a function of angle at fewer wavelengths. Attempts were made to produce films of each material that allowed both techniques to be used, but Si is so transparent over most of the energy range covered that a film thick enough to damp the Kiessig fringes significantly could not be made.
Data Analysis
The coefficients of reflection and transmission of a boundary between vacuum and a medium with index of refraction N are given by the Fresnel equations 5
where is the grazing angle of incidence. These are for s polarization ͑polarization perpendicular to the plane of reflection͒; for p polarization, sin is replaced by N sin . Our incident beam is 95% s polarized and 5% p polarized. The reflectance R ϭ I͞I 0 obtained from measurement is simply the magnitude squared of Eq. ͑1͒, rr*. The Fresnel equations assume perfect boundaries, which is a good approximation for most films deposited onto high-quality substrates if measurements are made at visible wavelengths. However, films tend to develop angstrom-scale roughness even when they are only a few tens of nanometers thick. This characteristic has a significant effect on XUV measurements and must be included in our analysis. Stochastic roughness is included in the Nevot-Croce model 6 :
where is the rms roughness of the surface and q i ϭ 2N i sin ͞ is the component of the photon wave vector perpendicular to the sample surface.
The above results all assume a semi-infinite sample in which none of the light penetrates to the substrate. However, for transmitting films, such as Si at longer wavelengths and Mo at shorter wavelengths, we must include interference between the top and the bottom surfaces. Each surface is treated as above to yield r t and r b , the coefficients for the top and bottom surfaces. Summing up all possible reflections gives the result that
where
is the phase between the top and the bottom surfaces of a film of thickness t and index N and i is the angle of propagation within the sample. We fitted sets of R versus by minimizing the fitting parameter
where R fit is the fit reflectance and ⌬R is the uncertainty in the measurement. The thickness and roughness were varied for several data sets at energies throughout the region covered, and these results were verified by x-ray diffraction. These values were then fixed, and ␦ and ␤ were the only free parameters in the final data analysis. Uncertainties are introduced into the measurements and analysis from a variety of sources. We measured uncertainty in determination of the roughness and thickness by evaluating the effect that each had on the 2 value. An increase of 2.3 in 2 leads to a 1 uncertainty in a two-parameter fit. 7 Thicknesses and rms roughnesses of films could each be determined with an uncertainty of 0.2 nm. Variation of these parameters from minimum to maximum values led to a less than 1% relative uncertainty component in ␦, but the roughness led to a contribution in ␤ as large as 5%. Relative uncertainty in the measured reflectivity varied from 1% near the middle of our range to 5% at low energy and 10% at the highest energies. These contributions arose from spectral impurity in the forms of second-order radiation at low energy and of scattered light at high energy. This result leads to a small uncertainty component in ␦ in the fitting except at highest energies, where it is a dominant factor. In ␤ the relative uncertainty component that is due to fitting is near 5% throughout our range. Angle metrology of Ϯ0.2°leads to the largest uncertainty component in ␦ over most of our energy range. This contribution is largest in the long-wavelength W data, ϳ20%, but is generally much smaller. The relative uncertainty in the substrate data ͑see Section 4͒ is ϳ5% throughout the range and has a small effect in ␦, even for the thinnest films, but a contribution of as much as 2% in ␤ for the thinnest films. Root-sum-square uncertainties are expressed at several data points in the figures. Figure 1 shows the reflectance of a 94-nm thick Si film measured at 68.9 eV, along with the fit. Figure  2 shows the data and the fit for a 94-nm-thick W film measured at 68.1 eV. We note that, although the 2 value of the fit to the Si data is much larger than that of the W data, the fitting uncertainty components of the two sets of data are each ϳ1%. This is so because the additional information contained in the Kiessig fringes of the Si data makes the fitting procedure more sensitive to small changes in the parameters and the depth of the fringes makes the fitting procedure more sensitive to factors such as dynamic range and instrumental resolution and thus leads to increased 2 . Figure 3 shows the 2 contours for the W fit of Fig. 2 . The approximately elliptical shape is typical of all our data. We found no odd-shaped contours similar to those reported above the L 2,3 edge in Si in Ref. 8 . This result is most likely due to the presence of Kiessig fringes in our Si data, which allow for more-precise determination of the best fit.
Results
To fit data to Eq. ͑5͒ it is necessary to have a complete knowledge of the optical properties of the substrate materials. For substrates we used 1-cm-thick float glass. This material is inexpensive and is flat and smooth enough to permit good characteristics of the deposited film. The approximate composition of the glass provided by the manufacturer is 73% SiO 2 , 14% Na 2 O, 9% CaO, and 4% other. However, the two surfaces of the glass are inequivalent because of the diffusion of small amounts of Sn into one surface during the float process, which led to a slight fluorescence of one surface under illumination by a Hg lamp. A complete set of measurements was thus made on both surfaces from 36 to 200 eV. Films of every material were deposited onto both sides of the glass. measurements were made by the same technique but on samples that had been exposed to air. Tarrio and Schnatterly 9 also found higher absorption when they used inelastic electron scattering data on samples exposed to air. However, Soufli and Gullikson 8 reported similar results in crystalline Si that had been hydrofluoric acid passivated. Figure 5 shows results for Mo with data from the web site in Ref. 2 that have been updated to include recent measurements of Soufli and Gullikson reported in Ref. 10 . Above 60 eV the agreement is quite good between the two data sets; however, at lower energies significant differences appear. The peak in ␦ occurs at 57 eV in the present data, as opposed to 51 eV in the published data, and lacks some structure present in our data. The qualitative agreement in ␤ is better, but the magnitude at the lowest energies is well outside our uncertainty. The measurements in Ref. 10 extend only down to 60 eV and were extrapolated by eye between 35 and 60 eV; therefore the current results should be considered more reliable in this energy range. Figure 6 shows results for W with data from Ref.
2. This is the most startling result, with structure in both ␦ and ␤ in the 35-60-eV region not previously observed, and is most likely due to the complete absence of data on solid W in this energy region and the atomic nature of the calculations in Ref. 2 . Figures 7 and 8 show results for C and B 4 C. Both materials are unlikely to develop contamination layers. These are to our knowledge the first measurements of B 4 C in this energy region. There are no atomic transitions in this energy regime in these materials, so the agreement with the published data is excellent except at the extremes of our coverage.
Conclusions
We have made what we believe are the first in situ measurements of the optical constants of several materials that are important to the multilayer fabrication community. In most cases our data reinforce those in the Henke tables. However, we find important features in the lower-energy spectra of Mo and W that arise from solid-state effects. We have ob- served, for the first time to our knowledge, transitions in the 35-60-eV range in W.
